The p53-regulated gene productp21 (sdil,cipl,wafl) negatively regulates cell growth and has been suggested to be a potential tumour-suppressor gene. To determine the sites and types of mutations which inactivate the growtharresting activity in sdil cDNA, plasmids containing sdil cDNA and the neomycin-resistant gene were irradiated with UV light and transfected into CHO cells. The UV irradiation increased number of the geneticin-resistant colonies which should have the UV-mutated sdil cDNA. Sdil mRNA was expressed in 23 out of 36 colonies (64%). In 13 sdil cDNA sequences analysed, mutations were found at codon 46 in nine cDNAs, and one each at codons 34, 54, 66 and 73. AU the mutation sites are in the CDK-binding region. Ten mutations (77%) (codons 46 and 66) are C to T transition mutation at the dipyrimidine sequences, which is the major type of the UV-induced mutation.
Introduction
Cell proliferation is positively and negatively controlled by regulative genes. Sdil (also called cipl or wafl) has been shown to play a key role in the negative regulation of growth control (see reviews 1,2). Sdil encodes the p21 protein, a universal inhibitor of cyclin-dependent kinases (CDK*) which function in G, and S phases of the cell cycle (3, 4) . p21 also binds to the proliferating cell nuclear antigen (PCNA) and inhibits DNA replication, but not DNA repair in vitro (5) . p21 protein forms a quaternary complex with cyclins, CDKs and PCNA, regulates the cyclin/CDK activity, and directly inhibits DNA replication through the interaction with PCNA (5-7).
Expression of p21 has been shown to be positively regulated by the wild type p53 protein in normal human cells (8) . p53 is a tumour suppressor gene and mutations in the gene have been found in many human tumours (9) . Since p21 is in the downstream of p53 in the same regulation pathway, and overexpression of p21 can inhibit the proliferation of various cultured tumour cells, p21 gene could also be a tumour suppressor gene (10) (11) (12) . However, only a few mutations in p21 gene have been reported in human tumours so far.
We investigated whether UV-irradiation caused mutations leading to inactivation of the growth-arresting activity of the sdil cDNA. Plasmids containing normal sdil cDNA and the geneticin-resistant gene were irradiated with ultraviolet light (UV) and transfected to Chinese hamster ovary (CHO) cells.
Abbreviations: CDK, cyclin-dependent kinase; CHO, Chinese hamster ovary; DMEM, Dulbecco's minimum essential medium; PCNA, proliferating cell nuclear antigen.
© Oxford University Press UV-irradiation to the plasmids enhanced the appearance of the geneticin-resistant colonies, indicating that the cells having normal sdil cDNA stopped proliferation, but the cells having UV-mutated sdil cDNA did not. The sites and types of mutations in the sdil cDNA were determined.
Materials and Methods

Plasmids and cells
A novel plasmid pcDSRcxAsdil-neo (8.3 kb; Figure 1 ) was constructed as follows: an Ndel-BamHl DNA fragment (2.8 kb) containing the neomycin resistance gene was excised from the plasmid pSV2neo (13) and treated with T4 DNA polymerase to make blunt ends. This fragment was inserted to a Hindlll site of the pcDSRaAsdil, which had been treated with T4 DNA polymerase and bacteria] alkaline phosphatase (Toyobo, Osaka, Japan) (14).
Chinese hamster ovary (CHO) AA8 cells were cultured in Dulbecco's modified minimum essential medium (DMEM, Nissui, Tokyo, Japan) supplemented with 10% foetal bovine serum (Hyclone, Logan, UT) in a CO2 incubator at 37°C.
UV irradiation, electroporation and colony formation.
Plasmids pcDSRocAsdi 1-neo or pSV2neo as a control dissolved in phosphatebuffered saline (PBS) were irradiated with a bank of two 15-watt Toshiba germicidal lamps (predominately 254 nm UV light) at a fluence rate of 3.4 J/ m 2 /s. Cells (IX 10*) and 10 ug UV-treated plasmids in 0.2 ml PBS were placed in an electroporation chamber (electrodes 0.3 cm apart) (PDS, Inc., Madison, WI) and charged with electric pulses (500V, five times). The cells were plated in 10-cm dishes and incubated in the standard culture medium for 24 h; the medium was replaced by the medium containing 400 Hg/ml geneticin (GD3CO BRL, Gaithersburg, MD). Colonies formed 1 week after the transfecUon were isolated and grown further to extract RNA.
Reverse transcriptase (RT) PCR
Total RNA was extracted from 80%-confluent monolayer cells with the RNeasy Total RNA Kit (Qiagen, Hilden, Germany). The complementary DNA strands were synthesized from approximately 1 ug RNA and amplification of the sdil cDNA was carried out with the RNA-PCR kit (Takara, Kyoto, Japan) using 10 pmol each of two flanking primers. Sequences of the primers are 5'-GGGAATTCCGGATTCGCCGAGGCACCGA-3' and 5'-GGGAATTCTT-TGAGGCCCTCGCGCTTCC-3', both of which have EcoRI recognition sequences at 5 '-ends. The PCR protocols consisted of 30 cycles of denaturation at 96°C for 30 s, annealing at 58*C for 30 s and extension at 72°C for 1 min. The amplified products (580 base pairs) were electrophoresed on 1% agarose gel and visualized by staining with ethidium bromide.
Sequencing of sdil cDNA
Amplified sdil cDNA fragments were treated with restriction enzyme EcoRI (Toyobo, Osaka, Japan) and ligated to plasmids pBluescript KS(+) (Stratagene, La Jolla, CA) which had been digested with restriction enzyme EcoRI and bacterial alkaline phosphatase (Toyobo, Osaka, Japan). E. coli JM109 cells were transformed with the plasmids and grown on LB agar plates containing ampicillin, isopropyl-fi-D-thio-galactoside and 5-bromo-4-chloro-3-indoyl-[}-D-galactoside (Nacalai Tesque, Kyoto, Japan). After 24 h incubation, white colonies were isolated and cultured overnight At least three white clones were isolated from each product of the amplified sdil fragments. The plasmids were purified with the alkaline-SDS method, and nucleotide sequences of the sdil cDNA were determined to identify the type and site of the mutations by the automated DNA sequencer 371A with ABI PRISM DNA Cycle Sequencing kit (Perkin Elmer, Foster City, CA). unirradiated plasmids (Figure 2 ). The colony number increased with increasing UV fluence, reaching the 5.6-fold maximum at 250 J/m 2 . In contrast, number of colonies of the cells transfected with UV-irradiated pSV2neo plasmids showed little change by UV-irradiation to the plasmids. Without UVirradiation to the plasmids, 21.3 and 3.8 colonies/dish on average appeared after transfection with pcDSRocAsdi 1 -neo and pSV2neo plasmids, respectively. The sdil gene introduced into the cells apparently suppressed the cell proliferation and sdil mutated by UV might not have affected the proliferation, yielding more colonies after transfection.
Results
CHO
In the cell clones formed after transfection with UVirradiated (250 and 500 J/m 2 ) pcDSRaAsdil-neo plasmids, sdil mRNA was expressed in 23 of 36 clones (64%). Relatively high level of the mRNA expression was observed in 16 clones, and low but significantly higher level of the expression than that in untransfected cells was observed in seven clones. Lack of expression of sdil mRNA in other 13 clones may probably be due to disruption of sdil cDNA or its promoter region in the plasmid during the transfection process. Base sequencing of the sdil mRNA in randomly-selected 13 clones out of the 23 sdil-expressing clones revealed that 12 clones had base change mutations and one clone had a one-base deletion ( Table I ). The base change mutation at codon 46 (CGT to TGT) was identified predominantly (nine clones, 69%) and other three clones had one base change at codon 34 (TGT to TGG), 54 (GTC to TTC) or 66 (GAG to AAG), respectively. The one-base deletion was found at codon 73, which caused a frameshift and created a stop signal at codon 147. All mutations were in the N-terminal half of the sdil cDNA ( Figure 3) .
We construced plasmids which can express normal sdil cDNA or the cDNA with a base change mutation at codon 46. The plasmids also carry a geneticine-resistant marker gene. The number of the geneticine resistant colonies formed from the cells transfected with sdil cDNA with the mutation was 2.3 times more than that formed from the cells transfected. with the normal sdil. We also found that the CDK2-binding ability of the protein expressed from sdil cDNA with a mutation at codon 46 was much lower than that of wide-type sdil protein (data not shown). These results suggest that the mutation at codon 46 inactivates the growth-arresting activity of sdil.
Discussion
DNA synthesis is negatively regulated by p21 in normal cells when cells are treated with DNA-damaging agents or in senescence (1,2,14) . This explains our results that CHO cells transfected with pcDSRaAsdil-neo plasmids formed markedly fewer colonies than those transfected with pSV2neo plasmids. Expression of the p21 cDNA introduced into the cells should have suppressed the cell proliferation. Increase in the colony number by transfection with the UV-irradiated pcDSRaAsdilneo plasmids suggests that the sdil cDNA was mutated by UV and the mutated p21 protein failed to suppress the cell proliferation.
Recent reports showed that the N-terminal half of sdil (codons 1-90) includes regions required for the CDK-binding (15, 16) and for DNA synthesis inhibition (10, 17) , and the Cterminal half of sdil (codons 91-164) includes the PCNAbinding region (Figure 3) (6,16 ). The precise site-directed mutagenesis analysis of sdil cDNA revealed that codons 45-60 are the CDK-binding domain (16) . This domain is highly conserved in other CDK inhibitors p27 (kipl) and p57 (kip2) (Figure 3) (18,19) . Most of the mutations (10 out of 13) were found in this domain in the present study (codons 46 and 54). This suggests that the p21-mediated suppression of DNA synthesis strongly depends on the CDK-binding and does not require the PCNA-binding.
Codon 46 (CGT) is a hotspot of the mutation with a base change from C to T, resulting in an amino acid change from p21 as a tumour-supressor gene arginine to cysteine. Arginine is a charged amino acid and cysteine is uncharged. This result supports the assumption described by Goubin and Ducommun (16) that the substitution of certain charged amino acids by uncharged amino acids in p21 may abolish its CDK-binding activity and strikingly decrease the suppressing effect on DNA synthesis. The mutation at codon 46 may also inactivate the growth-arresting activity of sdil protein.
The type of mutations most frequently found was G:C to A:T transitions (77%) in codons 46 and 66, and all of these mutations took place at the 3'-cytosine in dipyrimidine sequences. This result agrees with the spectrum of UV-induced mutations found in other genes (20) or genes on shuttle vectors (21) in mammalian cells, suggesting that most mutations in sdil cDNA arose from the UV-induced pyrimidine dimers or [6, 4] -pyrimidine-pyrimidone photoproducts.
In human cancer cells, only a few mutations in sdil gene have been identified so far. Base change mutations at codons 54, 63 and 80 were reported in cancer cell lines (22, 23) , one of which was the same mutation (codon 54) detected in this study. A one-base insertion at codon 20 leading to creation of a stop signal at one of the subsequent codons was reported in a bladder tumour cell line (24) . All sdil mutations detected in human cancer cells so far are in the N-terminal half sequences of the gene. The N-terminal half of p21 should be the target for mutations leading to tumour induction by UV. Sites and types of the mutations in the sdil gene in tumours in the sunexposed area of the skin would be as predicted by the present study, although no mutation in sdil gene has been reported in any skin tumour.
